The influence of host and parasite genetic background on infection outcome is a topic of great interest because of its pertinence to theoretical issues in evolutionary biology. In the present study, we use a classical genetics approach to examine the mode of inheritance of infection outcome in the crustacean Daphnia magna when exposed to the bacterial parasite Pasteuria ramosa. In contrast to previous studies in this system, we use a clone of P. ramosa, not field isolates, which allows for a more definitive interpretation of results. We test parental, F1, F2, backcross and selfed parental clones (total 284 genotypes) for susceptibility against a clone of P. ramosa using two different methods, infection trials and the recently developed attachment test. We find that D. magna clones reliably exhibit either complete resistance or complete susceptibility to P. ramosa clone C1 and that resistance is dominant, and inherited in a pattern consistent with Mendelian segregation of a single-locus with two alleles. The finding of a single host locus controlling susceptibility to P. ramosa suggests that the previously observed genotype-genotype interactions in this system have a simple genetic basis. This has important implications for the outcome of host-parasite coevolution. Our results add to the growing body of evidence that resistance to parasites in invertebrates is mostly coded by one or few loci with dominance.
INTRODUCTION
The notion that both host and parasite genotypes are key determinants of infection outcome underlies much of the evolutionary theory pertaining to host-parasite interactions. Several models used to analyse the influences on and effect of parasitism explicitly rely on this premise. For example, the Red Queen Hypothesis suggests that host-parasite genotype-genotype interactions with a simple genetic basis are important for the maintenance of genetic variation and genetic recombination in the host (Hamilton, 1980; Little and Ebert, 2000) . Furthermore, host-parasite genotypic interactions have been implicated in other phenomena, such as the evolution of virulence (Nowak and May, 1994; Grigg and Suzuki, 2003) , and may be a significant complicating factor in dealing with infectious diseases in humans (Read and Taylor, 2001; Lambrechts et al., 2005) .
Substantial data and clear genetic models already exist on hostparasite genotypic interactions in plants ( Thompson and Burdon, 1992 and references therein) and significant inroads have been made into unravelling host-parasite genotypic interactions in invertebrates in a number of systems, including aphid (Acyrthosiphon pisum) and parasitic wasp (Aphidus ervi) (Henter and Via, 1995) , snail (Bulinus globosus) and schistosome (Morand et al., 1996; Webster and Woolhouse, 1998) , snail (Potamopygrus antipodarum) and trematode (Microphallus species) (Lively and Dybdahl, 2000) , bumble bee (Bombus terrestris) and trypanosome (Crithidia bombi) (SchmidHempel et al., 1999; Schmid-Hempel and Funk, 2004) , Caenorhabditis elegans and soil bacteria (Schulenburg and Ewbank, 2004) , and mosquito (Anopheles gambiae) and malarial parasite (Plasmodium falciparum) (Lambrechts et al., 2005) . Information on the inheritance of the genotype-genotype interactions is available for very few invertebrate systems. For example, seven main effect quantitative trait locus were reported to affect infection intensity of C. bombi in B. terrestris (Wilfert et al., 2007) and the heritability of strain-specific resistance has been demonstrated in the B. globosus/schistosome system (Webster and Woolhouse, 1998) . However, the complexity of the parasite life cycle in many invertebrate systems, which may involve multiple hosts, coupled with the difficulty of isolating either host or parasite clones has put significant hurdles in the way of discovering patterns of inheritance of resistance and susceptibility among different combinations of host and parasite genotypes.
A recent study on the water flea Daphnia magna infected with the castrating bacterial pathogen Pasteuria ramosa described extreme genotype-genotype interactions for infectivity . With evidence for genotypic interactions, fast acting selection (Little and Ebert, 2000) and frequency-dependent selection in natural populations (Decaestecker et al., 2007) this host-parasite system has become one of the prime models for antagonistic co-evolution. However, genetics underlying the genotype-genotype interactions are unknown. In the present study, we use a classical genetic approach to examine the inheritance of resistance in the D. magna-P. ramosa system. This research differs from previous work on host-parasite interactions with D. magna in several respects (for example, Little and Ebert, 2000; Carius et al., 2001; Little et al., 2006) . First, we employ a clone of P. ramosa (single genotype), not field isolates. Field isolates may contain more than one parasite clone (Jensen et al., 2006; Mouton et al., 2007; Ben-Ami et al., 2008; Luijckx et al., 2011) . The use of P. ramosa clones negates the complicating factors intrinsic to mixed infections and allows for a more definitive interpretation of experimental results . Second, we use a recently developed attachment test to assess host clones for susceptibility, as assed by attachment of the parasite to the host oesophagus (part of the gut wall). This allows us to separate the step where the parasite attaches to the host, which is believed to be the key step in P. ramosa-D. magna co-evolution, from the other steps in the infection process (encounter and proliferation within the host). In addition, it allows for higher sample sizes than classical infection trials (Duneau et al., 2011) . Third, we employ a structured Mendelian approach in which D. magna inbred parental clones, a F1 clone, an array of F2 clones, an array of backcrossed clones and selfed parental clones are used to resolve the genetic pattern of inheritance underlying susceptibility. A further understanding of the genetics of this model system will greatly enhance its use in explaining the factors involved in and the evolutionary implications of host-parasite genotypic interactions.
MATERIALS AND METHODS

Study system
Daphnia magna Straus is a cyclical parthenogenetic, freshwater cladoceran, found in rock pools, small ponds and medium sized lakes. P. ramosa is a bacterial endoparasite of D. magna (Ebert et al., 1996) . Transmission occurs when hosts ingest waterborne spores, which attach to the oesophagus, penetrate and subsequently cause infection (Duneau et al., 2011) . During the infection millions of spores fill the host body cavity; upon death the spores are released from the decaying cadaver and the cycle begins anew (Ebert et al., 1996) . Infection also results in castration, which often occurs before the production of any offspring and therefore entails severe fitness consequences for the host (Ebert et al., 2004) .
Host material
Two D. magna individuals were collected from separate rock pools near the Tvärminne Zoological Station in Southern Finland. These rock pools are part of a large D. magna metapopulation. The females were cloned (iso-female lines) under standard conditions, (20±0.5 1C, 16:8 h light:dark cycle and fed with chemostat-cultured algae Scenedesmus obliquus), and then were each selfed (sexual reproduction between clonal male and female offspring) over three generations to create the parental clones used in our study: Fainb3 and Xinb3. The parental clones were crossed and one F1 clone was selfed to create 71 F2 clones. In addition, the F1 clone was backcrossed to parental Fainb3 to create 164 backcrossed clones. Finally, both parent clones (Xinb3 and Fainb3) were selfed. We obtained 22 and 24 offspring clones for selfed Fainb3 and selfed Xinb3, respectively.
The cross to obtain F1 was performed by placing multiple individuals from both parent clones together in 400-ml beakers filled with artificial medium (ADaM, Ebert et al., 1998) . Beakers were filled to 90% of their maximum capacity unless otherwise stated. Ephippia containing the sexually produced eggs were removed as they appeared, stored in moist, dark conditions at 4 1C for up to 6 months and then dried on filter paper for up to 3 weeks. Ephippia were then submerged in bleach (5% aqueous solution, household strength) for about 5 min to facilitate the hatching process, washed and placed in 400-ml beakers with medium under strong fluorescent artificial day light. After hatching of sexual eggs, microsatellite markers were used to distinguish hybrid clones from selfed clones (Colson et al., 2009) . One hybrid was randomly picked to become the F1 and subsequently selfed to create the F2 clones.
A similar protocol was used to self the F1 and the two parent clones, except that genotyping in these crosses was not necessary. For the backcross, we used a slightly altered approach, as many microsatellites would have been needed to reliably distinguish selfed from outcrossed Daphnia. Fourteen-day-old virgin females of the F1 and males of Fainb3 were placed in 1000-ml beakers filled with medium; every 3 days parthenogenetic offspring were removed to prevent selfing of females with their sons, thereby ensuring that all offspring were outcrossed.
Parasite material
We used spores from P. ramosa clone C1 (Russia, Moscow) for our infection trials, which, as other P. ramosa clones, shows highly specific infectivity (for more details see Luijckx et al., 2011) . This parasite clone is both phenotypically and genetically similar to a naturally occurring parasite in Finland McElroy et al., 2011) . Spore suspensions were created by homogenising D. magna with late stage infections in water. Spore concentration in each suspension was determined using a haemocytometer and phase contrast microscopy.
Tests for susceptibility
We employed two different techniques to determine host susceptibility: the attachment test and infection trials. The attachment test is a recently developed technique that employs fluorescent microscopy to assess the ability of P. ramosa spores to attach to the oesophagus of Daphnia. Attachment perfectly correlates with susceptibility of the Daphnia host in infection trials (Duneau et al., 2011) . Infection trials reflect the outcome of the entire infection process (encounter, attachment, penetration and proliferation within the host), whereas the attachment test only looks at one step in this process, the attachment step. Susceptibility of parental, F1 and F2 Daphnia clones was determined with both methods (numbers of tested clones differed between methods due to loss of some host clones before the end of all tests). Susceptibility in the backcross was determined with the attachment test, with a representative subset of host clones tested with infection trials. Susceptibility of selfed parents was only tested using the attachment test. Both assays agreed very well with each other, although variation between replicates in the infection trails was greater.
Infection trials. To remove maternal effects, mothers of the F1 and F2 were kept singly in 100-ml beakers filled with medium under standard conditions for three asexual generations before the start of the infection trials. For the backcross, this was reduced to one asexual generation. For infection trials, we used female D. magna of 1 to 4 days old at the time of parasite exposure and all were offspring from the third or later clutch. Juveniles were exposed to spores by placing them singly in 100-ml beakers filled with 20 ml of medium and adding spore suspensions containing 200 000 spores of P. ramosa clone C1. This dose is known to cause 100% infections without lethal effect in susceptible hosts (Regoes et al., 2003) . Individual D. magna remained in 20 ml of medium for 4 days, at which point the beakers were filled up. For parental clones and the F1, we utilised a split-brood design with eight individuals from different mothers in separate 100-ml beakers with medium under standard conditions for both the treatment and the control. The medium was changed at day 7 of the experiment, and twice weekly for the following 23 days. Daphnia were fed 3Â10 5 cells ml À1 algae cells daily throughout the experiment. The F2 clones were tested using the same protocol with the following exceptions. We used four replicates per clone and to accommodate the increasing food demand of the growing animals, feeding was raised from 3Â10 5 cells ml À1 to algae 6Â10 5 cells ml À1 during the experiment. For the backcross, we tested 40 of the 164 clones using four randomly chosen juveniles (1 to 4 days old) and fed 3Â10 5 cells ml À1 algae daily at the start of the experiment and 5Â10 5 cells ml À1 towards the end. All infection trials lasted 30 days. Survival was monitored at least once every 48 h. All animals dying after day 12 and those surviving till the end of the experiment were tested for infections by checking for parasite spores using phase-contrast microscopy (magnification Â400). Individuals dying before day 12 of the experiment were not assessed because detection of P. ramosa infection is unreliable during the early stage of infection. Host clones were considered susceptible when one or more replicates were infected and considered resistant when none were infected.
Attachment test. The attachment test is described in full Duneau et al. (2011) . In short, for assessment of susceptibility with the attachment test four individuals older than 4 days were taken from stock cultures for each host clone (stocks kept in 100-ml jars and fed 3Â per week with 8Â10 7 cells ml À1 ) and placed singly in 24-well plates in 1 ml of medium. A total of 20 000 fluorescentlabelled spores and contrast dye were added to each well and plates were incubated for 1 h at room temperature. Attachment, indicating susceptibility of the host clone, was determined by examining exposed Daphnia with a fluorescent microscope and checking for the presence of fluorescently labelled spores on the Daphnia oesophagus.
RESULTS
We found a strong binary pattern of resistance; all or all but one replicate of susceptible clones became infected in infection trials, whereas resistant clones never became infected. Three host clones from the backcross were an exception; in these only one of the replicates became infected during the infection trials. The attachment test gave consistent results (with no variance); each host clone displayed either complete resistance or susceptibility.
Parental clones showed contrasting susceptibility, Fainb3 was susceptible, whereas Xinb3 was resistant to P. ramosa C1. Parents were likely homozygous at the relevant loci due to three generations of selfing and indeed offspring of the selfed parents showed identical phenotypes as their parents and no segregation ( Figure 1 , Table 1 Figure 1 , Table 1) DISCUSSION By using two different methods to test for susceptibility, we show that the attachment to the host oesophagus, an important step of the infection process, is controlled by a single host locus. Alleles at this locus segregate in a Mendelian pattern and our crosses revealed the presence of two alleles, a dominant allele 'A' preventing attachment of P. ramosa C1 and a recessive allele 'a' allowing for attachment (Figure 1) . Thus, hosts show binary resistance patterns either being resistant (no attachment) or susceptible (attachment). Attachment to the host oesophagus is responsible for the strong genotype-genotype interactions in the D. magna-P. ramosa system (Duneau et al., 2011; Luijckx et al., 2011) . Thus, the finding of a single host locus controlling susceptibility to P. ramosa C1 suggests that these interactions might have a simple genetic basis.
Binary resistance of D. magna clones to P. ramosa clones was found previously and is related to the way the parasite enters the host (Duneau et al., 2011 Figure 1 Pedigree showing the Daphnia magna crossing scheme and the resistance/susceptibility profiles to Pasteuria ramosa for parental, F1, backcross and F2 host clones. Black Daphnia indicate susceptibility and unfilled Daphnia indicate resistance. In our proposed model of inheritance, resistance to P. ramosa clone C1 is conferred by a dominant allele, A, and susceptibility by a recessive allele, a. specificity of attachment is dependent on the genotype of both host and parasite and is not influenced by environmental effects (Duneau et al., 2011) . Indeed, we found low variability within Daphnia genotypes in infection trials (all or all but one replicate infected and three cases were only one of four replicates was infected) and no variability in the attachment test, both assays agreed very well with each other. The difference in variance between both tests may be explained by outcome of the attachment test being only determined by the attachment step, whereas the outcome of the infection trials is influenced by the entire infection process, including encounter, attachment and proliferation within the host (Duneau et al., 2011) . Contrary to the attachment-step, the entire infection process has been shown to be influenced by environmental (Vale et al., 2008) and maternal effects (Ben-Ami et al., 2010), which may explain the greater variability found in our infection trials. It is likely that other loci other than the one described here are involved in other steps of the infection process. For example, encounter of the parasite spores, which reside in the sediment, may be dependent on diel vertical migration, which has been shown to have a strong genetic component (Decaestecker et al., 2002) . It has also been suggested that genes affecting parasite proliferation within the host might be different from those involved in attachment (Decaestecker et al., 2007; Duneau et al., 2011) . Even though more loci might be involved in the entire infection process, the locus described here appears to be the major determinant of susceptibility to P. ramosa C1 and is involved in the attachment of the parasite to the host oesophagus, which is a key step in D. magna-P. ramosa co-evolution (Duneau et al., 2011) .
Our interpretation that resistance is coded by a single dominant locus is partially consistent with previous studies on the genetic basis of resistance in D. magna. A pervious study speculated that resistance is due to one or a few loci . However, small sample size and use of P. ramosa isolates (not clones) in this earlier study makes comparison difficult. In other invertebrate-parasite systems the majority of resistance genes tend to be dominant and autosomal, examples include: Drosophila-parasitic Wasp (Carton et al., 1992) ; mosquito-malaria (Thathy et al., 1994) ; and snail-Schistosoma (Knight et al., 1999; Lewis et al., 2003) (for review of invertebrate resistance see Carton et al., 2005) .
P. ramosa clones not tested in this study also require attachment to the host oesophagus for successful infection (Duneau et al., 2011) , and all host genotypes tested with P. ramosa clones show binary resistance . Conservation of the infection mechanism among different parasite genotypes and similar phenotypic patterns of susceptibility of the host for other parasite genotypes suggests that our finding of Mendelian inheritance of resistance against P. ramosa may also apply to untested D. magna and P. ramosa genotypes. Resistance to other P. ramosa genotypes may be conferred by additional alleles on the found locus or by additional loci possibly similar to the well-described gene-for-gene resistance in plants (Keen, 1990) .
The finding of a simple genetic basis of host resistance has important implications for the outcome of host-parasite co-evolution. Negative frequency-dependent selection may occur in the presence of host-parasite genotype-genotype interactions with simple underlying genetics (Clarke, 1976) . Strong genotypic interactions were already described in the Daphnia-Pasteuria system by Luijckx et al. (2011) and their data shows that the locus described here only confers resistance to specific P. ramosa genotypes; the resistant parent (Xinb3) was susceptible to three of the five tested P. ramosa genotypes, whereas other host genotypes were resistant to these P. ramosa. A simple genetic basis for genotype-genotype interactions supports earlier findings of negative frequency-dependent selection for infectivity in the D. magna-P. ramosa system (Decaestecker et al., 2007) . Which may be important for the maintenance of genetic variation and the evolution of recombination as suggested by the Red Queen Theory (Jaenike, 1978; Hamilton, 1980) . Many theoretical models used to predict host-parasite co-evolution assume simple genetics with binary resistance patterns (Salathe et al., 2008 and references therein), whereas data from empirical studies suggests that patterns are more quantitative (for example, Schulenburg and Ewbank, 2004) . In addition, these models also (often) assume that parasites are highly specific to given host genotypes. We show that in one step of the infection process a single locus is responsible for binary resistance. Furthermore, resistance is highly specific for the here tested P. ramosa genotype. Thus, our results suggests that theoretical models for host-parasite co-evolution may, in some cases, not be oversimplified and hold promise for understanding and interpreting empirical results.
Our results add to the experimental power of the D. magna-P. ramosa model system as a tool for understanding the evolution of host-parasite interactions. Furthermore, the isolation of more P. ramosa clones and additional crosses between host clones will allow for the creation of a D. magna-P. ramosa interaction matrix The table shows the total number of clones tested per host clone or cross and the percentage of these clones that were either susceptible (susc.) or resistant (resist.). Results are shown separately for infections trials, attachment-test and for the combined results of both tests (for the F2 and backcross some hosts clones were only tested using one of both methods). P-value, Fisher's exact test on combined data of both tests between the number observed and the number expected. -, Not assessed; NA, not applicable. a Number of tested host clones differed between attachment-test (57), infection trials (60) and the total amount of tested clones (71) due to loss of clones between tests. b For infection trials a subset of 40 (38 survived the experiment) randomly selected clones was used.
in which infectivity profiles can be determined by pair-wise matching of D. magna and P. ramosa genotypes. Through competition experiments, use of natural populations and the development of a Quantitative Trait Locus panel (Routtu et al., 2010) , this matrix has the possibility to serve as a powerful tool for testing evolutionary models.
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